The formation of a supported Pt-Sn nanoalloy upon reactive metal-oxide interaction between Pt nanoparticles and a Sn-CeO 2 substrate has been investigated by means of synchrotron radiation photoelectron spectroscopy and resonant photoemission spectroscopy in combination with density functional modeling. It was found that Pt deposition onto a Sn-CeO 2 substrate triggers the reduction of Sn 2+ cations yielding Pt-Sn nanoalloys at 300 K under ultra-high vacuum conditions. Three distinct stages of Pt-Sn nanoalloy formation were identified associated with the growth of (I) ultra-small monometallic Pt particles on a Sn-CeO 2 substrate, (II) Pt-Sn nanoalloys on a Sn-CeO 2 substrate, and (III) Pt-Sn nanoalloys on a stoichiometric CeO 2 substrate. These findings suggest the existence of a critical size of monometallic Pt particles above which the formation of a Pt-Sn nanoalloy becomes favorable. In this respect, density functional modeling revealed a strong dependence of the formation energy of the Pt x Sn nanoalloy on the size of the Pt particle. Additionally, the thermodynamically favorable bulk and surface Pt/Sn stoichiometries were identified as two parameters that determine the composition of the supported Pt-Sn nanoalloys and limit the extraction of Sn 2+ from the Sn-CeO 2 substrate. Primarily, the formation of a bulk Pt 3 Sn alloy phase drives the growth of the Pt-Sn nanoalloy upon Pt deposition at 300 K. Upon annealing, Sn segregation on the surface of the Pt-Sn nanoalloy promotes further extraction of Sn 2+ until the thermodynamically stable Pt/Sn concentration ratios of 3
Introduction
Supported bimetallic nanoparticles, nanoalloys, represent a new class of nanomaterials with tunable structural and electronic properties. [1] [2] [3] [4] [5] In particular, the reactivity and selectivity of bimetallic nanoalloys can be tailored via the alloy structure and composition at the nanoscale. 5, 6 A multitude of supported nanoalloys, mostly noble metal based, can be prepared by methods such as wet impregnation, colloidal synthesis, reductive deposition precipitation, organometallic cluster precursor techniques. 3 Alternatively, supported intermetallic compounds can be prepared by using the reactive metal-oxide interaction.
7
In general, the reactive metal-oxide interaction is considered the extreme case of the strong metal-support interaction (SMSI) described by Tauster et al. 8 The formation of alloys involves strong reduction of the oxide support usually carried out at high temperatures and under the reaction with hydrogen or CO.
7,9-15
Many examples of intermetallic compounds formed via the reactive metal-support interaction are given in the review by Penner and Armbrüster. 7 These include, for instance, Pt-, Pd-, Rh-based nanoalloys in combination with Ce, Ga, Ge, Si, Al, Sn, In, V, and Ti metals. 7 Surpassing the SMSI conditions, however, oen introduces a high level of complexity associated with the poorly dened composition and structure of both the oxide and the supported intermetallic phase. In regard to the potential application of supported nanoalloys in catalysis, it is therefore highly desired to control the reactive metal-support interaction at the nanoscale.
Strategically, it would be benecial to decouple the reactive metal-oxide interaction from the SMSI in terms of the reaction conditions. Specically, the harsh reductive conditions necessary to trigger the reactive metal-oxide interaction can be bypassed by combining the alloying metals and the oxide support in a smart fashion. 16 For instance, the formation of a Lehrstuhl für Physikalische Chemie II, Friedrich-Alexander-Universität Erlangen-Nürnberg, Egerlandstrasse 3, 91058 Erlangen, Germany. E-mail: yaroslava. lykhach@fau.de supported Pt-Sn or Pd-Sn alloy nanoparticles was reported upon the deposition of Pt or Pd metals onto Sn-CeO 2 mixed oxides even at 300 K and under ultra-high vacuum. [17] [18] [19] Similarly, supported Pd-Ga nanoparticles were formed upon Pd deposition on Ga-CeO 2 mixed oxides. 19 Thus, a versatile approach could involve the formation of Sn-CeO 2 and Ga-CeO 2 mixed oxides as an intermediate step in the preparation of supported intermetallic compounds. It appears that the necessary precondition is, however, that one of the alloying metals is highly soluble in the bulk of the host oxide which must be a reducible oxide. For instance, deposition of metallic Sn or Ga leads to a strong reduction of CeO 2 , triggering a change in the oxidation state of cerium cations from Ce 4+ to Ce 3+ upon dissolution of Sn and Ga in the bulk. [20] [21] [22] [23] Subsequent deposition of Pt or Pd metals leads to the reduction of Sn and Ga cations resulting in the formation of supported alloy nanoparticles.
17-19
This process is accompanied by the re-oxidation of Ce 3+ to Ce 4+ leading to the recovery of the initial CeO 2 stoichiometry. Recently we reported that the deposition of a sufficient amount of Pt led to complete extraction of Sn yielding Pt-Sn nanoparticles supported on stoichiometric CeO 2 lms at 300 K.
18
This approach appears particularly attractive because it avoids both high temperature and the reductive atmosphere during the preparation of the supported nanoalloys. Still, fundamental understanding of the processes that steers the growth of the supported nanoalloys is required in order to exploit reactive metal-oxide interactions for a knowledge-driven materials synthesis. Herein, we report a comprehensive study on the formation of supported Pt-Sn nanoalloys on a Sn-CeO 2 substrate carried out by means of synchrotron radiation photoelectron spectroscopy (SRPES) and resonant photoemission spectroscopy (RPES) in combination with density functional (DF) modeling. We established the processes steering the growth of supported Pt-Sn nanoalloys and controlling the extraction of Sn from Sn-CeO 2 substrate.
Materials and methods

Synchrotron radiation photoelectron spectroscopy and resonant photoelectron spectroscopy
High-resolution SRPES and RPES were performed at the Materials Science Beamline, Elettra synchrotron light facility in Trieste, Italy. The bending magnet source provided synchrotron light in the energy range of 21-1000 eV. The UHV end station (base pressure 1 Â 10 À10 mbar) was equipped with a multichannel electron energy analyzer (Specs Phoibos 150), a rear view LEED optics, an argon sputter gun, and a gas inlet system. The basic setup of the chamber included a dual Mg/Al X-ray source. Additionally, three electron beam evaporators were installed for the deposition of Ce, Sn, and Pt metals. The samples were prepared by means of physical vapor deposition (PVD) of Pt (Goodfellow, 99.99%) on Sn-CeO 2 mixed oxide lms grown on Cu(111). The preparation procedure involved several steps. First, epitaxial CeO 2 (111) lms were grown on clean Cu(111) (MaTecK GmbH, 99.999%) by PVD of Ce metal (Goodfellow, 99.99%) in oxygen atmosphere (5 Â 10 À7 mbar, Linde, 99.999%) at 523 K, followed by the annealing of the lms at 523 K in oxygen atmosphere at the same pressure for 5 min. This procedure [24] [25] [26] yielded a continuous and stoichiometric CeO 2 (111) lm with a thickness about 2.0 nm. LEED studies of the prepared lms conrmed the epitaxial growth of CeO 2 (111) with the characteristic (1.5 Â 1.5) superstructure relative to the Cu(111) substrate. PVD of Sn in UHV at 523 K on the CeO 2 (111) lms yielded Sn-CeO 2 mixed oxide. 17, 22, 27 According to reection high-energy electron diffraction (RHEED) studies, the incorporation of Sn into CeO 2 lattice triggers its transformation from the uorite structure into a simple cubic structure. 27 The atomic concentration of Sn in the volume of CeO 2 (111) lm determined by X-ray photoelectron spectroscopy (XPS) was about 18%. For comparison, this concentration corresponds to the deposition of a 0.4 nm thick Sn lm. Pt was deposited stepwise onto the Sn-CeO 2 mixed oxide lm at 300 K in UHV. The nominal thickness of Pt was calibrated with respect to the deposition time of Pt on the CeO 2 (111) lm taking into account the 3D growth of the Pt nanoparticles. 28 The total Pt deposition time of 6500 s resulted in a total nominal thickness of the deposited Pt layer of 1.5 The core level spectra of O 1s, C 1s, Pt 4f, and Sn 4d were acquired at photon energies of 650, 410, 180, and 60 eV, respectively. The binding energies in the spectra were calibrated with respect to the Fermi level. Additionally, Al Ka radiation (1486.6 eV) was used to measure O 1s, C 1s, Ce 3d, Sn 3d, Pt 4f, and Cu 2p 3/2 core levels.
Valence band spectra were acquired at three different photon energies, 121. 4 28 In specic, the RER scales with the Ce 3+ /Ce 4+ concentration ratio by a factor of 5.5.
28
All spectra were acquired at a constant pass energy and at the emission angles of photoelectrons 20 and 60 (XPS), and 0 (SRPES, RPES) with respect to the sample normal. The values of total spectral resolution were 1 eV (Al Ka), 150 meV (hn ¼ 60 eV), 200 meV (hn ¼ 115-180 eV), 400 meV (hn ¼ 410 eV), and 650 meV (hn ¼ 650 eV). All SRPES data were processed using the KolXPD tting soware. 30 Sn 4d spectra were tted following a similar approach as described elsewhere. 17 Briey, the spectral component associated with Sn 2+ cations was tted with a Voigt prole and those associated with Pt-Sn alloy contributions were tted with a Doniach-Šunjić convoluted with a Gaussian prole with a xed asymmetry parameter of 0.05 aer subtraction of a composite background. The composite background consisted of a baseline spectrum obtained prior to Sn deposition and a Shirley background. The use of the composite background was necessary to compensate for the complex shape of the background in the Sn 4d region. The widths and the branching ratios for the Sn 4d components associated with Sn 2+ cations were determined prior to Pt deposition and kept xed thereaer. For the Sn 0 components associated with surface and bulk contributions from Pt-Sn nanoalloys the widths of the peaks and their relative binding energies were xed and the branching ratio was set to 1.5. During the experiment, the sample temperature was controlled by a DC power supply passing a current through Ta wires holding the sample. Temperatures were monitored by a K-type thermocouple attached to the back of the sample.
Density functional calculations
Density functional calculations were carried out using the periodic plane-wave code VASP. 31 We used the PBE 32 exchangecorrelation function, which is considered to be one of the most appropriate common functionals for the description of transition metals. 33, 34 The interaction between valence and core electrons was taken into account via the projector augmented wave approach. 35 In order to moderate computational expenditures we used the default cut-off value 241.1 eV dened by core potentials of Pt and Sn with 10 and 14 valence electrons, respectively. The latter approach was demonstrated to yield results very close to those obtained with the cut-off 415 eV. 36 In our previous calculations of Pt-Sn nanoparticles (NPs) the application of the latter larger cut-off resulted in an energy change less than 0.5 meV per atom. 18 The one-electron levels were smeared by 0.1 eV using the rst-order method of Methfessel and Paxton; 37 nally, converged energies were extrapolated to the zero smearing. Calculations were performed only at the G-point in the reciprocal space. All atoms were allowed to relax during the geometry optimization until the largest component of the forces acting on them became less than 0.2 eV nm À1 . The separation between NPs always exceeded 0.7 nm, at which the interaction between adjacent metal particles was shown to be negligible. Upon Pt deposition, a single broad doublet emerges in the Pt 4f spectra at 71.70 eV (Pt 4f 7/2 ) due to the nucleation of small Pt particles. The increase of the peak intensity is accompanied by its shi to lower binding energies during stepwise Pt deposition which is consistent with the growth of nanoparticles. An interesting development is observed in the Sn 4d spectra (Fig. 1a) . In particular, a new peak emerges in the Sn 4d spectra at 24.33 eV (Sn 4d 5/2 ) aer the Pt deposition time of 240 s. This spectral component is associated with the reduction of Sn 2+ cations and the formation of the supported Pt-Sn nanoalloy. The corresponding peak at 24.33 eV represents the surface component of the Pt-Sn nanoalloy. 17, 18 During Pt deposition, the shi of the surface Pt-Sn contribution to lower binding energies occurs in parallel with the shi of the Pt 4f doublet peak. A second new peak emerges in the Sn 4d spectra at a slightly higher binding energy with respect to the surface Pt-Sn contribution. This second peak is assigned to the spectral contribution from the bulk Pt-Sn alloy. oxide lm within the depth of 0.9 nm was reduced at the last Pt deposition step yielding Pt-Sn nanoalloys supported on the CeO 2 lm. Based on thermodynamic considerations, 39,40 the formation of the Pt-Sn alloy is driven by the formation of strong Pt-Sn bonds in the intermetallic compounds, which are by 30-80 kJ mol À1 atoms more favorable than the coexistence of monometallic Pt and Sn phases. We analyzed the observed behavior in more detail based on the development of the corresponding spectral contributions in the Sn 4d and Pt 4f spectra. The integrated intensities of the spectral contributions from Sn 2+ and the Pt-Sn nanoalloy are plotted in Fig. 1c . Note that the total metallic Pt 0 and Sn 0 contributions were determined by the integration of the Pt-Sn alloy contributions in the Pt 4f and Sn 4d spectra, respectively. In particular, the total Sn 0 contribution represents the sum of the surface and bulk components in the Sn 4d spectra. The Pt 0 to Sn 0 intensity ratio is plotted in Fig. 1d . One can see that the intensity ratio is high at the start of the Pt-Sn alloy formation and decreases as a function of the Pt coverage at larger Pt deposition times until it saturates. Using the relative atomic sensitivity factors for Pt and Sn atoms determined earlier 18 we were able to estimate the stoichiometry of the Pt-Sn nanoalloy as a function of the Pt coverage (see Fig. 1d ). In particular, we found that at the onset of Pt-Sn alloy formation, the stoichiometry ratio, i.e. the concentration ratio n(Pt 0 )/n(Sn 0 ), is about
It decreases to 8 at larger Pt deposition times (above 2000 s).
Note that the corresponding stoichiometry ratios were determined from the Pt 4f and Sn 4d intensities obtained with the highest surface sensitivities and therefore represent the surface Pt/Sn concentration ratio in the supported Pt-Sn nanoalloys. cation formed. 17, 22 In the present case, the RER obtained on the pure Sn-CeO 2 mixed oxide lm was 0.96. The development of the RER as a function of Pt deposition time is shown in Fig. 2 .
One can see that Pt deposition led to an increase of the RER from 0.96 to about 1.11 at the deposition time of 180 s. This behavior points to a redox interaction between Pt and the SnCeO 2 mixed oxide lm associated with a charge transfer from the Pt particles to the support for deposition times below 180 s. A similar phenomenon was observed earlier upon deposition of Pt on the pure CeO 2 (111) lm. 28, 41 We believe that the region of the increasing RER indicates the Pt coverage regime where nucleation and growth of monometallic Pt particles on the SnCeO 2 mixed oxide lm occurs. This assumption is in line with the structure of the Sn 4d spectra, i.e. the presence of a single component associated with Sn 2+ cations (see Fig. 1a ). The corresponding region is labeled (I) Pt/Sn-CeO 2 and is represented by a schematic model (A) in Fig. 2 . At deposition times above 180 s, we observed a steep decrease of RER which is associated with the formation of Pt-Sn nanoalloys. The onset of the decrease correlates with the emergence of the Pt-Sn alloy View Article Online components in the Sn 4d spectra (see Fig. 1a ). We assume that upon Pt-Sn alloy formation, Pt-Sn/Sn-CeO 2 and is represented by the schematic models (B) and (C) in Fig. 2 . The concentration of Sn 2+ cations in the oxide lm diminishes at the Pt deposition time of 6500 s. At this point, the Pt-Sn nanoalloy is supported on a pure CeO 2 lm. The slight increase of the RER at this step indicates a small amount of residual charge transfer between the Pt-Sn nanoalloys and the support. The corresponding region is labeled (III) Pt-Sn/CeO 2 and is represented by the schematic model (D) in Fig. 2 .
In order to establish the driving force of the Pt-Sn nanoalloy formation we rst focus on the regions (II)-(III). We note that the surface Pt/Sn concentration ratio maintains a nearly constant value of 8 over a broad range of deposition times between 2000 and 6500 s (see Fig. 1d ). The following behavior suggests that the extraction of Sn 2+ from the Sn-CeO 2 substrate in this region is driven by the formation of a Pt-Sn alloy phase of particular stoichiometry. In order to determine the stoichiometry of this alloy, the Pt/Sn concentration must be analyzed in the whole volume of the Pt-Sn nanoalloy, i.e. using bulk sensitive photon energies. For this reason we employed angle-resolved XPS at the last Pt deposition step (6500 s). We obtained an average Pt/Sn bulk ratio of about 4.0 AE 0.3 as determined from the integrated intensities of the Pt 4f and the Sn 3d spectra acquired at photoemission angles of 20
and 60 with respect to the sample normal. Note that the value of 4.0 AE 0.3 was obtained taking into account the atomic photoionization cross sections for Pt and Sn atoms 42, 43 and inelastic mean free paths (IMFP). 44 Additionally, if the transmission function of the analyzer is taken into account, 45 the Pt/ Sn bulk ratio is 5.1 AE 0.4. Based on the Pt-Sn equilibrium phase diagram, 39, 40 only Pt and Pt 3 Sn phases are favorable at this bulk Pt/Sn concentration ratio. Therefore we assume that the growth of the supported Pt-Sn nanoalloy is driven by the formation of a Pt 3 Sn phase. The enrichment of the Pt-Sn nanoalloy by Pt at the surface observed by SRPES (Fig. 1d) most likely results from the kinetically hindered diffusion of Sn in Pt-Sn nanoalloy at 300 K.
A different scenario is observed at low Pt deposition times in the Pt coverage regime (II) between 240 and 2000 s. Here, the surface Pt/Sn concentration strongly depends on the Pt coverage, i.e. the Pt deposition time. This suggests that the formation energy of the supported Pt-Sn nanoalloys is a function of the Pt particle size. Moreover, the growth of monometallic Pt particles in coverage regime (I) suggests the existence of a critical size of monometallic Pt particles above which the formation of the Pt-Sn nanoalloy becomes favorable. The existence of a critical size of monometallic Pt particles suggests a delicate balance between the stabilities of the supported Pt-Sn nanoalloy and the Sn-CeO 2 mixed oxide which notably depends on the size of the Pt particles at the early stage of the nanoalloy growth. It is noteworthy that the critical size of the monometallic Pt is overcome at the Pt deposition time of 240 s.
Pt-Sn binding energy as a function of Pt particle size by density functional modeling
The stability of Pt-Sn nanoalloys can be analyzed in terms of the binding energy between Pt and Sn in the nanoalloy as a function Fig. 3 Overview of the model Pt x particles used in the density functional studies. The numbers indicate the symmetrically inequivalent Pt atoms in each particle replaced by a Sn atom to generate the Pt xÀ1 Sn particles (see also Table 1 ). Table 1 Binding energies of a Sn atom in various surface sites of Pt xÀ1 Sn particles calculated with respect to the locally optimized structures of the corresponding Pt xÀ1 species: (a) labels of atomic positions in the particles according to of the Pt particle size. For this purpose we started from Pt x particle models displayed in Fig. 3 (as well as dimer Pt 2 , triangular Pt 3 , and tetrahedral Pt 4 moieties; see also (Fig. 3) was calculated as the reaction energy of Pt xÀ1 + Sn / Pt xÀ1 Sn (see Table 1 ). The choice of analyzing Sn binding exclusively at surface sites was based on the strong preference of Sn atoms to segregate at the surface of Pt-Sn nanoalloy reported earlier. 18 Interestingly, we found that in larger particles the highest binding energy of Sn is in edge sites. Such nding might seem unusual, since one would expect the strongest binding for terrace sites where more bonds between Sn and the surrounding Pt atoms can be formed. Nevertheless, the present nding agrees with results of our previous calculations on chemical ordering in Pt-Sn alloy nanoparticles. 18 They revealed preference of Sn to occupy surface sites in the order of corner > edge > terrace, which is related to the considerably larger size of Sn atoms compared to Pt.
The calculated binding energies averaged over surface sites are plotted in Fig. 4 . Here, the binding energy of Sn in Pt xÀ1 Sn particles increases as a function of the Pt particle size until a value of $À5.9 eV is reached. The only particle that does not completely t the trend is Pt 7 Sn, which we assign to the strong reconstruction of the Pt 7 species used for the energy reference. Thus, it appears that the Pt 7 Sn model is inappropriate for the present analysis of the trends in Pt-Sn binding without global optimization of the Pt 7 and Pt 7 Sn structures, which is beyond the scope of our work.
Qualitatively, the development of the average Pt-Sn binding energies in Pt xÀ1 Sn particles (shown in Fig. 4) explains the experimentally observed dependency of alloy formation on the particle size. In particular, the sharp increase of the binding energy with increasing number of atoms per Pt xÀ1 Sn particle from 2 to 34, is compatible with the existence of the critical size of Pt particles determining the onset of the alloy formation. A similar conclusion can also be drawn from the largest calculated values of Pt-Sn binding energies in each of the Pt xÀ1 Sn particles (Table 1) .
Inuence of the temperature on the reactive metaloxide interaction
Beside the size of Pt particles, the temperature is another important parameter that inuences the reactive metal-oxide interaction, for instance, by triggering sintering or atomic reordering in the supported Pt-Sn nanoalloy. For this reason we investigated the stability of Pt-Sn nanoalloys at three different Pt coverages (A)-(C) during annealing in UHV. Three samples prepared according to the procedure described in Section 2.1. are illustrated by characteristic models (A)-(C) in Fig. 2 . Note that the system represented by model (D) has been investigated earlier. 18 The corresponding Sn 4d and Pt 4f spectra obtained from samples (A)-(C) are shown in Fig. 5 . At the Pt coverage (A), monometallic Pt particles are supported on the Sn-CeO 2 mixed oxide lm corresponding to the Pt coverage regime (I). At the Pt coverages (B) and (C) small and medium sized Pt-Sn nanoalloy particles are supported on the Sn-CeO 2 mixed oxide lm. Both samples (B) and (C) represent the Pt coverage regime (II). The binding energies of the Pt 4f 7/2 peaks are 71.52, 71.40, and 71.15 eV for the Pt coverages (A)-(C), respectively. The development of the Sn 4d and Pt 4f spectra on all three samples (A)-(C) are shown in Fig. 6a-c and d-f , respectively. One can see that annealing of the supported monometallic Pt particles (A) triggered the formation of Pt-Sn nanoalloys already at 350 K. This indicates the emergence of surface Pt-Sn alloy contribution in the Sn 4d spectra (see Fig. 6a ) and the broadening of the corresponding Pt 4f spectrum which is accompanied by a shi of Pt 4f doublet to higher binding energy by about 0.33 eV.
The shi of the Pt 4f peak towards higher binding energy is consistent with the formation of the Pt-Sn alloy.
46-48 Subsequent annealing to higher temperatures resulted in a moderate increase of the surface Pt-Sn alloy component without mixed oxide lm is not signicantly lowered. Such behavior suggests the existence of a limit that prevents excessive reduction of Sn 2+ in the Sn-CeO 2 mixed oxide lm and, thereby, limits the Sn concentration in supported alloy nanoparticles. The integrated intensities of the spectral contributions from the Pt-Sn nanoalloy and Sn 2+ are plotted in Fig. 7a and b, respectively, as a function of the temperature. Here, the total Sn 0 alloy contribution represents the sum of the surface and bulk components in the Sn 4d spectra. The stoichiometry ratio, n(Pt 0 )/n(Sn 0 ), calculated from the corresponding spectral alloy contributions in Pt 4f and Sn 4d spectra is plotted in Fig. 7c . The stoichiometry ratios for the small (B) and medium-sized (C) PtSn nanoalloys are about 11.5 and 8.2 at 300 K, respectively. The higher stoichiometry ratio found in small Pt-Sn nanoalloys is consistent with the smaller size of the supported Pt-Sn alloy nanoparticles in system (B) with respect to system (C). In system (A), the size of monometallic Pt particles is too small to trigger the alloy formation at 300 K. Formation of the Pt-Sn nanoalloy at 350 K on sample (A) is in line with the sharp dependence of the alloy formation energy discussed in Section 3.2. In particular, a slight increase of the size of ultra-small Pt particles due to sintering at 350 K turned out to be sufficient to reach the critical size of Pt particles and trigger the alloy formation. The stoichiometry ratio in system (A) is about 8 at 350 K. However, this value is likely underestimated due to very low spectral contributions from the alloy nanoparticles that may lead to an error in the calculated stoichiometry. Upon subsequent annealing to higher temperatures, the stoichiometry ratios on all three samples (A)-(C) converge to a similar value of 1.6 at 750 K (see Fig. 7c ). It is noteworthy that the nal value of the stoichiometry ratio, 1.6, is very similar to the value of the thermodynamically stable surface Pt/Sn concentration ratio obtained on big Pt-Sn nanoalloys supported on the CeO 2 lm 18 (Pt deposition time of 6500 s). The corresponding system (D) has been investigated earlier in a great detail. 18 Specically, it was found that the stoichiometry ratio in this system decreased from about 8 at 300 K to 1.6 at 750 K due to temperature induced Sn segregation at the surface. Note that in the case of big Pt-Sn alloy nanoparticles (D), all Sn 2+ cations were efficiently reduced and converted into the PtSn alloy due to the sufficiently high amount of Pt available at the deposition time of 6500 s (see Fig. 1a and b, top spectra). Therefore, Sn enrichment at the surface of the supported PtSn nanoparticle proceeded exclusively due to the migration of Sn atoms from the bulk of the alloy. As discussed earlier, 18 Sn segregation on the surface of Pt-Sn nanoalloy is driven by the balance between the surface segregation energy of Sn atoms and the energy of heteroatomic Pt-Sn bond formation. Our DF calculations performed with the Pt 3 Sn nanoparticle models predicted a thermodynamically stable surface with Pt/Sn stoichiometry ratio in the range of 1.5-2 depending on the number of atoms per particle. 18 We assume that at lower Pt coverage, Sn segregation triggered by annealing will be accompanied by sintering and coalescence processes on all three samples (A)-(C). Therefore, several processes will drive the Sn 2+ extraction from the SnCeO 2 lm and the formation of the Pt-Sn nanoalloys. In Fig. 8 , we schematically summarized the inuence of Pt coverage and the effect of temperature on the nal composition of the supported Pt-Sn nanoalloys. We emphasize that stepwise Pt deposition and annealing in UHV yield three distinct phases associated with the (I) Pt/Sn-CeO 2 , (II) Pt-Sn/Sn-CeO 2 , and (III) Pt-Sn/CeO 2 systems. The degree of surface Sn enrichment in the nanoalloy may differ in systems (II) and (III) as a function of the temperature. During phase (I), monometallic Pt nanoparticles are supported on the Sn-CeO 2 system. The formation of the supported nanoalloy starts when a certain critical size of Pt particles is reached either due to the deposition of a sufficient amount of Pt or due to sintering and coalescence leading to the formation of bigger particles. Further extraction of Sn 2+ from the Sn-CeO 2 is triggered by Sn segregation at the surface of supported Pt-Sn nanoalloys upon annealing.
It is important to note, that the formation of Pt-Sn nanoalloys during stepwise Pt deposition is controlled by the formation of a stoichiometric bulk alloy phase, most likely Pt 3 Sn. This path is therefore sensitive to the bulk Pt/Sn stoichiometry. On the other hand, annealing triggers Sn segregation from the bulk of the supported nanoalloy. Note that this process must signicantly deplete the Sn concentration in the bulk of the supported nanoalloy. As a result, the extraction of Sn 2+ becomes again favorable in order to restore the thermodynamically stable bulk alloy composition. Most importantly, once the most thermodynamically stable Pt/Sn stoichiometries in the bulk (3) and at the surface (1.6) are reached, the extraction of Sn 2+ from Sn-CeO 2 lm is terminated.
Conclusions
The formation of supported Pt-Sn nanoalloys via reactive metal-oxide interaction between Pt and a Sn-CeO 2 substrate was investigated as a function of Pt coverage and temperature by means of SRPES, RPES, and DF modeling. The factors that control and drive the growth of the supported Pt-Sn nanoalloy were identied. Below we summarize the most important ndings:
(1) Three particular regions were identied during the stepwise Pt deposition at 300 K in UHV associated with (I -Pt/SnCeO 2 ) the growth of monometallic ultra-small Pt particles supported on a Sn-CeO 2 lm, (II -Pt-Sn/Sn-CeO 2 ) supported Pt-Sn nanoalloys on a Sn-CeO 2 lm, and (III -Pt-Sn/CeO 2 ) supported Pt-Sn nanoalloys on a CeO 2 lm.
(2) Pt-Sn alloy formation depends on the particle size and occurs above a critical size limit only. According to DF modeling, the binding energy of Sn in the Pt-Sn nanoalloy increases with the size of the Pt particle. The most signicant increase occurs for the Pt-Sn particles containing less than 40 atoms, suggesting that nanoalloy formation is triggered above this size. . In the ball models, red, ivory, gray, and blue balls represent oxygen, cerium, tin, and platinum, respectively.
